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Abstract: III-(As, Sb) alloys are building blocks for various advanced optoelectronic devices, but the
growth of their ternary or quaternary materials are commonly limited by spontaneous formation of
clusters and phase separations during alloying. Recently, digital alloy growth by molecular beam
epitaxy has been widely adopted in preference to conventional random alloy growth because of the
extra degree of control offered by the ordered alloying. In this article, we provide a comparative study
of the optical characteristics of AlAsSb alloys grown lattice-matched to GaSb using both techniques.
The sample grown by digital alloy technique showed stronger photoluminescence intensity, narrower
peak linewidth, and larger carrier activation energy than the random alloy technique, indicating an
improved optical quality with lower density of non-radiative recombination centers. In addition,
a relatively long carrier lifetime was observed from the digital alloy sample, consistent with the
results obtained from the photoluminescence study.
Keywords: digital alloy; random alloy; epitaxy; molecular beam epitaxy; ternary alloy; aluminum
arsenide antimonide; gallium antimonide; photoluminescence
1. Introduction
Sb-based compound semiconductors are attractive for advanced optoelectronic applications because
of their capability to form ternary and quaternary alloys that allow flexible bandgap engineering, which
can be grown lattice-matched to common substrates such as InAs, InP, and GaSb [1–5]. For example, high
Al-content alloys with large bandgaps that contain As and Sb are often used as window layers or active
regions for photodetectors, lasers, and thermophotovoltaics [6–10]. Normally, mixed-anion alloys rely
on random alloy (RA) growth in which direct deposition of atoms on the sample surface with carefully
tuned growth parameters to achieve the targeted alloy composition. Unfortunately, due to the non-unity
incorporation coefficients of volatile group V elements, the epitaxy of mixed-anion alloys is much more
complicated than that of alloys with only one group V element. The wide miscibility gap of these alloys
can easily create undesired crystalline disorders, e.g., As/Sb clusters and phase separation [11,12]. As an
alternative, Zhang has proposed modulated molecular beam epitaxy (MMBE) [13], known as the digital
alloy (DA), for III-(As, Sb) ordered alloys. The DA growth has been shown to offer a precise control
over alloy composition and reproducibility against RA growth [14,15]. Although such a technique has
been widely implemented to facilitate growths of III-(As, Sb) alloys in device applications [10,16–18],
a direct comparison of the material properties of those alloys grown by DA and RA has not been reported.
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In this work, we provide a detailed material analysis of lattice-matched AlAs0.08Sb0.92 (AlAsSb, hereafter)
DA and RA grown on GaSb substrates, and unveil the real strength of DA over RA by comparing
heterointerfaces, optical characteristics, and minority carrier lifetimes. We believe this fundamental
material research will offer a deeper insight into both growth techniques, and trigger further validating
work and device applications.
2. Experiments
The AlAsSb samples were deposited on lightly n-doped GaSb (001) substrate using a Veeco
Gen930 solid-source MBE reactor. Prior to the material growth, the GaSb substrate temperature
was raised to 535 ◦C for 20 min under a Sb2 overpressure to desorb surface oxide. After oxide
removal, the substrate was cooled to 510 ◦C to grow an unintentionally-doped GaSb buffer. A nominal
600 nm-thick AlAsSb layer was then grown at the same substrate temperature, followed by a 20 nm
GaSb cap layer to prevent it from rapid oxidation in air. The DA sample was realized by periodically
alternating the As and Sb shutter while maintaining a steady Al flux during deposition, resulting
in AlSb/AlAs equivalent sequence of 4.0/0.8 MLs. Additional 4.0 MLs of AlSb was used prior to
the transition to GaSb cap layer. On the other hand, the RA sample was grown by keeping Al, As,
and Sb shutters open simultaneously, followed by the GaSb cap layer without growth interruption.
The substrate temperature was monitored by an optical pyrometer and calibrated by the change
in the surface reconstruction of GaSb from (1 × 3) to (2 × 5) using reflection high-energy electron
diffraction (RHEED) equipped with the MBE reactor [19]. Separate campaigns of DA and RA samples
were grown to obtain their lattice-matching condition, characterized using peak separation from the
X-ray diffraction (XRD) scans. The two samples were kept with the identical layer structure and
minimal difference in alloy composition to enable a fair comparison. High-resolution triple-axis
XRD (HRXRD) measurement (D1, Bede) was performed by inserting an analyzer crystal to define the
measurement resolution via a narrow acceptance angle (0.0033◦ or 11′′). Cross-sectional high-resolution
transmission electron microscopy (HRTEM) was performed using FEI Titan TEM. Photoluminescence
(PL) characterization was conducted using a 532 nm solid-state laser to investigate the optical properties
of the AlAsSb DA and RA samples. Samples were mounted in the Advanced Research System DE-204
closed-cycle cryostat for temperature-dependent measurement. A silicon photodetector (Model 2151,
New Focus, San Jose, CA, USA) was used for steady-state PL measurement via standard lock-in
technology. For time-resolved photoluminescence (TRPL), the samples were excited by the NKT
Photonics SuperK Extreme laser running at 532 nm with ~20 ps pulse-width. A silicon single-photon
avalanche diode from Micro Photon Devices was used to record the TRPL signals. The system time
resolution, i.e., instrument response function (IRF), is about 20 ps as extracted from signals of the direct
reflection of the pulsed laser.
3. Results and Discussion
The HRXRD ω-2θ scans of the AlAsSb DA and RA samples exhibit a single peak of the
epitaxial layers, inseparable from the GaSb substrate peak, as shown in Figure 1. The full-width-
at-half-maximum (FWHM) values are 18′′ and 21′′ for the AlAsSb DA and RA samples, respectively,
compared to a value of 16′′ for the GaSb substrate. This clearly shows that the epitaxial layers are
lattice-matched to the substrates, and the compositional fluctuation is negligible.
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Figure 1. HRXRD ω-2θ scans for the AlAsSb DA and RA samples. The ω-2θ scan of the GaSb substrate 
is also shown as a reference. 
The cross-section TEM of the AlAsSb DA and RA samples is shown in Figure 2. Both samples 
exhibit ordered phase in AlAsSb based on the presence of the satellite spots in the electron diffraction 
pattern. The DA sample exhibits no signs of phase separation in the AlAsSb film, as shown in Figure 
2a, and the alternating shutter sequence does not produce modulated contrast as found in superlattice 
growth (Figure 2c). On the other hand, the bulk part of the AlAsSb film in the RA sample is also 
uniform, whereas a relatively rough GaSb/AlAsSb interface is observed (Figure 2c,d). Some bright 
contrast features parallel to the growth front has been found in the RA sample, likely related to the 
sample preparation. 
 
Figure 2. Cross-section TEM images for the AlAsSb (a) DA and (b) RA samples, and (c,d) show the 
HRTEM images of the GaSb/AlAsSb interfaces. 
Low-temperature photoluminescence (PL) spectra of the DA and RA samples are shown in 
Figure 3a. Both spectra show similar features, including an anomalous emission around 1.29 eV (DL), 
a narrow peak at 1.6 eV (EX), and a sideband peaking around 1.84 eV (EГ), which can be seen more 
clearly in Figure 3b. In general, the DA sample exhibits stronger luminescence than the RA sample 
with a considerable difference for the EX peak. The PL peaks located at higher energies are most likely 
due to band-to-band transition. For an indirect bandgap material, the low-temperature optical 
transition is known to be dominated by the indirect bands, i.e., ܺ band in AlAsSb. Following these 
rules, we identified the strong emission at 1.6 eV as being the carrier recombination from the ܺ band, 
and the sideband peaking at 1.84 eV is likely due to the transition from the ߁ band. In Figure 4a, 
temperature-dependent EX peak energies are fitted with a hyperbolic cotangent relation [20], 
Figure 1. HRXRDω-2θ scans for the AlAsSb DA and RA samples. Theω-2θ scan of the GaSb substrate
is also shown as a reference.
The cross-section TEM of the AlAsSb DA and RA samples is shown in Figure 2. Both samples
exhibit ordered phase in AlAsSb based on the presence of the satellite spots in the electron diffraction
pattern. The DA sample exhibits no signs of phase separation in the AlAsSb film, as shown in Figure 2a,
and the alte nating shutter sequence does not produce modulat d contrast as found in superlattice
growth (Figure 2c). On th other hand, the bulk part of the AlAsSb film in the RA sample is also
uniform, whereas a relatively rough GaSb/AlAsSb interface is observed (Figure 2c,d). Some bright
contrast features parallel to the growth front has been found in the RA sample, likely related to the
sample preparation.
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Figure 2. Cross-section TEM images for the AlAsSb (a) DA and (b) RA samples, and (c,d) show the
HRTEM images of the GaSb/AlAsSb interfaces.
Low-temperature photoluminescence (PL) spectra of the DA and RA samples are shown in
Figure 3a. Both spectra show similar features, including an anomalous emission around 1.29 eV (DL),
a narrow peak at 1.6 eV (EX), a d a sideband peaking round 1.84 eV (EГ), which can be seen more
clearly in Figure 3b. In gener l, the DA s mple exhibits stronger lu inesce ce than the RA sample
with a considerable iff re ce for the EX p ak. The PL peaks located at higher energi s re most
likely due to band-to-band transition. For an indirect bandgap material, the low-temperature optical
transition is known to be ominated by the indirect bands, i.e., X b d in AlAsSb. Following these
rules, we identified the strong emission at 1.6 eV as being the carrier recombination from the X band,
and the sideband peaking at 1.84 eV is likely due to the transition from the Γ band. In Figure 4a,
temperature-dependent EX peak energies are fitted with a hyperbolic cotangent relation [20],
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where Eg(0) is the bandgap energy at 0 K, S is the dimensionless coupling coefficient, 〈}ω〉 is the
average phonon energy, and kB is the Boltzmann constant. The fitting parameters are shown in Table 1.
The fittings show good agreement with the experimental data, and the extracted values of 〈}ω〉 also
match the calculated optical phonon energies [21]. The DA sample also exhibits a smaller bandgap
energy than the RA sample, likely due to the ordering effect [22]. Similar results have been observed
in other quaternary materials, the DA growths of which exhibit a relatively small bandgap energy,
within 2–3% of that of the RA growth [15,23]. On the other hand, DL peaks display an anomalous
temperature dependence with respect to the EX peak, which will be discussed later in the text.
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Table 1. Parameters extracted by fitting experimental data of the AlAsSb DA and RA samples. 
Sample ࡱࢍሺ૙ሻ ࡿ 〈ℏ࣓〉
AlAsSb DA 1.602 eV 4.89 38.1 ± 3.4 meV 
AlAsSb RA 1.619 eV 3.00 32.3 ± 9.2 meV 
Temperature-dependent FWHM of the EX peaks for both samples are shown in Figure 4b, and 
these are anticipated to be relatively high, due to the involvement of multiple phonons in the indirect 
band transition. However, the DA sample does not exhibit broader PL emissions, such as those found 
in as-grown AlGaInP systems [23], suggesting that there is no sign of defects originating from the 
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Figure 3. (a) Low-temperature PL spectra of the AlAsSb DA and RA samples at 7.2 K; and (b) the
Γ band transition with a logarithmic scale.
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Figure 4. Temperature-dependent measurement of (a) peak energies; (b) peak FWHM; and (c) integrated
PL intensities of the EX and DL peaks for the AlAsSb DA and RA samples.
Table 1. Parameters extracted by fitting experimental data of the AlAsSb DA and RA samples.
Sample Eg(0) S 〈h¯!〉
AlAsSb DA 1.602 eV 4.89 38.1 ± 3.4 meV
AlAsSb RA 1.619 eV 3.00 32.3 ± 9.2 meV
Temperature-dependent FWHM of the EX peaks for both sa ples are shown in Figure 4b,
and these are anticipated to be relatively high, due to the i volvement of mult ple phonons in the
indirect band transition. However, the DA sample does not exhibit broader PL emissions, such as
those found in as-grown AlGaInP systems [23], suggesting that there is no sign of defects originating
from the large numbers of interfaces. The FWHM is approximately the same (40–45 meV) at low
temperatures (<40 K), whereas the DA sample shows consistently smaller FWHM than the RA sample
at elevated temperatures, suggesting a better crystalline quality.
Integrated PL intensities of the EX and DL peaks were studied, and the results are shown in
Figure 4c. It can be seen that EX peak intensities drop quickly below 40 K with increasing temperature.
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In spite of the similar temperature-dependence of DL peaks between the DA and RA samples, a marked
difference in the EX peak can be observed. The activation energies of the EX peak can be extracted




where I0 is the integrated PL intensity at 0 K, C0 is the rate constant, and Ea is the activation energy.
The EX peak shows a much higher activation energy for the DA sample than for the RA sample,
suggesting that the carrier-quenching process is much faster in the RA sample. The loss of carriers is
likely due to phonon scattering, assisted by crystalline disorders such as phase separation during the
RA growth. In addition, the non-uniformity of alloy composition could also enhance non-radiative
recombination. On the other hand, the similar activation energies of the DL peaks indicate a common
mechanism, regardless of the growth methods.
The origins of photon emission have been characterized using the power law, I ∝ Pk. , where I is
the integrated PL intensity and the exponent k is a characteristic coefficient. The fitted k value depends
on the radiative recombination mechanisms, where an exciton transition usually gives 1 < k < 2 and
transitions due to free-to-bound or donor-acceptor pair recombination give k < 1 [25–27]. In Figure 5a,
fitting the data to EX peaks exhibits k = 1.22 and 1.3 for the DA and RA samples, respectively, confirming
that the transition is dominated by band-to-band recombination, as discussed earlier. On the other
hand, fitting to the DL peak for both samples yields k = 0.66 and 0.71 for the DL and RA samples,
respectively, suggesting that the radiative recombination involved states located within the bandgap.
The appearance of the low-energy DL peak is common to both samples at all temperatures studied,
regardless of the growth methods, and shows a relatively weak temperature dependence for the
peak energies and integrated PL intensities, as shown in Figure 4a,c. As a result, the DL peak could
presumably be associated with unresolved transitions from deep level states in AlAsSb [28].
Crystals 2017, 7, 313  5 of 8 
 
(<40 K), whereas the DA sample shows consistently smaller FWHM than the RA sample at elevated 
temperatures, suggesting a better crystalline quality. 
Integrated PL intensities of the EX and DL peaks were studied, and the results are shown in 
Figure 4c. It can be seen that EX peak intensities drop quickly below 40 K with increasing temperature. 
In spite of the similar temperature-dependence of DL peaks between the DA and RA samples, a 
marked difference in the EX peak can be observed. The activation energies of the EX peak can be 
extracted using the Arrhenius equation [24], 
ܫሺܶሻ = ܫ଴1 + ܥ଴݁ݔ݌ሺ−ܧ௔/݇஻ܶሻ  
where ܫ଴ is the integrated PL intensity at 0 K, ܥ଴ is the rate constant, and ܧ௔ is the activation energy. 
T e EX peak shows a much higher activation energy for the DA sample than for the RA sample, 
suggesting that the carrier-quenc ing process is much faster in the RA sample. The loss of carriers is 
likely due to phonon scattering, assisted by crystalline disorders such as phase separation during the 
RA growth. In addition, the non-uniformity of alloy composition could also enhance non-radiative 
recombinatio . On the other ha d, the si ilar activation energies of the DL peaks i dicate a common 
mechanism, regardless of the growt  methods. 
The origins of photon emission have been characterized using the power law, ܫ ∝ ܲ௞, where ܫ 
is the integrated PL inte sity and t e exponent ݇ is a characteristic coefficient. The fitted ݇ value 
depends on the radiative recombinati  mechanisms, where an exciton transition usually gives 1 <
݇ < 2  and transiti ns due to free-to-bound or donor-acceptor pair recombination give ݇ < 1  
[25–27]. In Figure 5a, fitting the data to EX peaks exhibits ݇ = 1.22 and 1.3 for the DA and RA samples, 
respectively, c nfirming that the transition is dominated by band-to-band recombination, as 
discussed earlier. On the other hand, fitting to the DL peak for both samples yields ݇ = 0.66 and 0.71 
for the DL and RA sampl s, respectively, suggesting that the radiative recombination involved stat s 
located within the ba dgap. The ppearance f the low-energy DL peak is common to both samples 
at all temperatures studied, regardless of the growth methods, and shows a relatively weak 
t mperature dependence for t e peak energies and integrated PL int nsities, as shown in Figure 4a,c. 
As a result, the DL peak could presumably be associated with unresolved transitions from deep level 
states in AlAsSb [28]. 
 
Figure 5. PL peak energies of (a) EX peak and (b) DL peak for both DA and RA samples as a function 
of laser excitation power. 
TRPL decay from the EX peak transition of the DA and RA samples are measured and pumped 
under the same excitation power, as shown in Figure 6. The decay tails of both samples are best fitted 
using a single exponential relation [29], 







Figure 5. PL peak energies of (a) EX peak and (b) DL peak for both DA and RA samples as a function
of laser excitation power.
TRPL decay from the EX peak transition of the DA and RA samples are measured and pumped
under the same excitation power, as shown in Figure 6. The decay tails of both samples are best fitted
using a single exponential relation [29],
I(T) = A0 + A1 exp(−t/τ)
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where I(T) is the counted PL intensity, A0 and A1 are fitting parameters, and τ is the carrier lifetime.
The IRF is also shown as an indication of the system time resolution. The DA sample shows a longer
minority carrier lifetime in comparison to the RA sample, providing further evidence that the DA
sample has fewer non-radiative recombination centers.
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4. Conclusions
This study investigated the optical characteristics of the AlAsSb lattice-matched to GaSb using DA
and RA growth techniques by MBE. Both samples are lattice-matched to GaSb substrates, as verified
using HRXRD. The AlAsSb indirect band transition in the DA sample shows consistently stronger
PL intensities with smaller FWHM values at elevated temperatures, suggesting that the material is
relatively free from non-radiative recombination and phonon scattering induced by phase separation.
This is supported by the higher activation energy of carrier quenching, as well as the longer lifetime of
the DA sample in comparison to the values for the RA sample. These results provide direct evidence
that, compared to conventional RA growth, DA growth could offer a more compositionally uniform
III-(As, Sb) alloy with enhanced optical quality, better suited for applications in optoelectronic devices.
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